Introduction
MF broadcast stations typically employ tall towers, heights 0.2 to 0.625 wavelength (h), mounted over extensive radial wire ground systems (120 radials, 0.25 to 0.4 h long, buried 20 cm below the surface of the ground). In spite of the fact that MF radio broadcast services are to some extent (at least in Canada) moving to the VHF band, there is a continuing world wide interest in MF (even LF) antennas, particularly electrically short antennas, perhaps a growing interest as frequencies are vacated by some broadcasters.
This paper reports on a detailed computational electromagnetic analysis of an electrically small MF umbrella antenna system, with electrically short insulated elevated radials, an antenna system briefly described in an overview paper on umbrella antennas presented by the author at an ACES Conference [l]. While an acceptable antenna radiation efficiency can be obtained, for electrically ' small antennas, the greater the efficiency the narrower the bandwidth of the antenna. For antenna heights less than about 0.1 h the antenna bandwidth can be small, too small to meet the requirements for a MF broadcast station.
The antenna system described in this paper has an acceptable operational bandwidth, as well a number of unique features.
The Umbrella Antenna
Vertical radiators which are electrically short have a low radiation resistance and a relatively high capacitive reactance. For this type of antenna to take power, the capacitive reactance must be tuned out by a suitable inductor, and the resistive component of the antenna s impedance be matched to the characteristic impedance of the transmission line feeding the antenna. ' This tuning inductor introduces an additional loss resistance, and the object of-design is to obtain the highest possible practical ratio of radiation resistance (Rr) to total resistance of the antenna system (Ras), which includes inductor and ground induced loss.
It is clear that some form of top loading should be used to increase the capacitance of the antenna and so reduce the capacitive reactance at the base of the antenna, and to increase the current area on the vertical radiator, and so increase the radiation resistance.
The sketches in Fig. 1 illustrate a simple T-antenna, employing two methods of tuning the antenna. In (a), the method that is commonly used, an inductor which has a reactance equal to the capacitive reactance of the antenna is used to resonate the antenna. The sketch in (b) illustrates an antenna type that is seldom used because of the electrical and mechanical difficulty in installing and adjusting a coil at the top of the tower, and servicing it if damaged by lightning. If this inductor is tuneable, it can be adjusted so that the base reactance of the antenna system is zero, and
Fig . 1 The sketch shows in a) base tuning; and in b) tuning at the top of the tower.
Ib)
Fig. 2 Sketches illustrating phasing of currents on umbrella, and T-type antennas.
the radiation resistance is a maximum. This is because the current area on the tower is a maximum. The improvement in radiation efficiency is, however, partly compromised by the fact that a larger tuning inductance must be used, compared with the conventional base-loaded radiator. However, Smith [2] has devised a method to overcome these limitations (see below).
The umbrella antenna is one method to top-load a tower, without the need to install additional towers to support the top-loading. This antenna type is illustrated in Fig. 2a .
The top loading consists of a number of active umbrella wires, connected to the top of the tower, and strung obliquely to ground. The important parameters for such an antenna are the height, h, of the tower; the horizontal distance, d, from the base of the tower to the extremities of the insulated guys supporting the conducting umbrella wires; and the vertical distance, S, from the top of the tower to the height where the umbrella wires are broken by an insulator.
The sketch in Figs. 2a also illustrates the phasing of the currents on the umbrella antenna, compared with (for example) the T-type antenna in Fig. 2b . In the case of the T-type, the currents on the flat top and on the vertical part of the antenna system are not opposing, since the currents on these elements are orthogonally oriented (in space). Also, recall, considering the antenna and its image in the ground, that only the currents on vertical parts of the antenna contribute appreciably to radiation. The currents on the flat top and on the image of the flat top in the ground are in phase opposition, and so essentially cancel insofar as radiation is concerned. The currents on the vertical parts of the radiator and their image in the ground are in phase.
In the case of the umbrella antenna the currents on the umbrella wires have a vertical component that is oppositely directed to the current on the tower and therefore radiation from the top part of the tower over the distance s and from the umbrella wires partially cancel. Thus, while the capacitive reactance of the top hat increases, and the base reactance of the antenna decreases, as the length and number of umbrella wires increase, the radiation resistance, Rr, first increases, and then decreases. The radiation resistance, in accord with the authors past experimental and numerical modelling studies is a maximum when s h equals (about) 0.43.
The Smith Tuned Counterpoise Umbrella Antenna
Smith, in the reference cited above, describes an electrically short umbrella antenna system which employs a tuned elevated electrically short radial wire ground system (see Fig. 3 ). This is an interesting antenna, not only, from the author s point of view, because of his interest in insulated The current distribution on the top hat conductors can be assumed to be sinusoidal, with zero current at the outer ends and a maximum current at the top of the tower where they are joined together. At this point the top loading inductance in series can replace an appreciable portion of the sine wave, with the result that the current distribution on the tower can be essentially constant.
* Note: more series inductance at the bottom of the tower can be added by insulating a conductor up inside the tower to a shorting point ---but for an electrically short antenna the author has placed inductance only at the top of the tower. A low loss base loading coil is used to resonate the antenna system.
Smith describes his view with respect to minimizing ground loss. The E-field between the top hat and the counterpoise can be likened to a transmission line that is open at one end and shorted at the other. There is an E-field between the top hat and the counterpoise, and some of the E-field passes through to the ground beneath. The counterpoise potential is maintained (see below) so as to minimize the current in the lossy ground. The author had previously noted [SI that for a L-type antenna with elevated radials, one radial wire should be so arranged that it lies directly under the one ann of the L-shaped configuration.
In Smith s words: ---the counterpoise potential is maintained so as to minimize the current in the lossy ground. The counterpoise reactance + j X4 in Fig. 3 is adjusted to minimize ground losses.
Counterpoise Tuned to Maximize the Far Field Strength is Examined
Smith indicates that the proper method for tuning the counterpoise is to observe the far field strength while tuning the system. Indeed it is reported in Smith s paper that dramatic variations in the field strength were observed in the far zone while the counterpoise was tuned. Certainly the antenna system coupling unit (+ j XI, + j X2 and -j X,)
tunes and matches the antenna system to the coaxial feeder According to NEC4D there is indeed a dramatic change in the unattenuated field strength Eu at 1 km, and the resistive term of the antenna s impedance, as the counterpoise series reactance is increased (see Fig. 4 ) ---but the field strength is a maximum if the counterpoise series reactance is infinite (+ j X , is removed).
There is therefore, in the authors view, no need for a connection to ground, excepting connection to ground stakes, for lightning protection. In which case a current balun would be required to feed the tower against the insulated counterpoise.
The author 111 has computed the radiation characteristics for KVOK s antenna for comparison with the measured data reported by Smith. NEC4D did in indeed model this antenna system quite effectively.
The Smith Tower Arrangement Numerically Modelled
The tower is configured to effectively place a low loss inductance at the top of the tower, which decreases the resonant frequency of the antenna system, and increases the effect of the top loading (the current on the parts of the tower that radiates can be almost constant with height). This method can also be used to resonate the antenna system.
Can NEC-4D model this tower configuration? For this part of the study the author modelled a tower with its umbrella wires over a PEC ground, see ' U ' Notice for purposes of numerical modelling how the tower is configured. The vertical wires correspond to the edges of the square tower. At the bottom of the tower, where it is fed, and at the place where the insulated center conductor is connected to the tower, a star connection of short wires is used. At other places the vertical wires are connected by perimeter collars.
Note: The apex height (see insert Fig. 5 for clarity) is 0.9 m above the top of the tower. A practical antenna would not be so configured. The umbrella wires would connect to insulators at the top of the tower. The ends of these wires would be connected by jumper wires, and a short wire would connect to the inner conductor of the coaxial line. Figure 6 shows the results of this analysis. Note that, according to NEC-4D. the antenna s reactance and radiation resistance change as expected as the length of the shorted line changes (length measured as a fraction of the antenna height). As the length of the shorted line increases, the inductive reactance effectively placed at the top of the tower increases, the base reactance decreases, and tlie radiation resistance increases. The author concludes that indeed NEC4D models the antenna correctly.
Elevated Radials Modelled
For a 30 m tower and a frequency of 573 kHz, the tower height is 0.057 h. Hence for the analysis which follows the author has used the maximum shorted line length so far modelled, namely 0.8 h.
To include elevated insulated radials in the model, For a transmitter power of 1000 watts, the unattenuated field strength at 1 km E , , = 107 dB microvolts/m. For comparison the (achievable) reference field strength E, for a quarter wavelength monopole over 120, buried radials is 109 dB microvoltdm.
But the bandwidth of this antenna is too small: BW (SWR < 1.5) = 4.7 kHz (see the curve labeled 1, for a single umbrella antenna in Fig. 8 ). Smith made no reference to bandwidth. 
Multiple Tuning
Multiple tuning has been employed at LF and VLF, where practical antennas are electrically small,' to increase the resistive component of the antenna s impedance, and so increase the bandwidth of the antenna system (61. See for example Fig. 9 , which shows 2-and 3-element multiple tuned umbrella antennas. The antennas are fed in phase, by equal currents.
Note: It is not intended that the antenna system be directional. Hence the elements of the antenna system must be closely spaced, but for elevated radials the radial wires (length 40 m) must not touch. For the 2-element multiple tuned antenna system (see The author concludes that multiple tuning changes the performance of the antenna system like one would expect (the authors past experience), and, since an omnidirectional pattem (or almost so) is simulated, the tower spacing is not too'great.
Such an antenna system should be of interest in places where there is a height restriction, for example a site near an airport. The bandwidth is adequate for MF broadcast application, and the radiation efficiency is high, high for an antenna system employing such electrically short antenna elements.
z I Fig. 9 Multiple tuned umbrella antennas.
Near Fields
The limits of human exposure to radiofrequency electromagnetic fields is a matter of present concem. For antenna systems with elevated radials, there is the possibility of persons walking beneath the radial wire system. For a radial height 5 m,-a person s head will be only 3 m beneath a radial wire.
The curve in Fig. 10 shows the computed E-field (V/m) for Fig. 7 s antenna, at a height of 2 m, as a function of the distance measured from the center of the antenna system along a radial direction directly under a radial wire. Notice that the maximum field strength (at the center of the antenna system) is 140 V/m for a transmitter power of 1000 watts.
The maximum MF E-field strength (according to the Canadian Standard) for the general public is 270 Vlm (600 V/m for Exposed RF Workers). Hence the safe transmitter power for three multiple tuned umbrella antennas is 11 kW for the general public (55 kW for Exposed RF Workers). An additional advantage for the MT antenna system is that the power fed to each element of the antenna system decreases as the number of elements increases. 
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Concluding Remarks
This paper has described design technology and operational characteristics for a multiple tuned umbrella top-loaded antenna system with tuned insulated elevated radials, which has a number of unique features:
1) The antenna can be electrically small e.g. a tower height 30 metres or 0.05 wavelength at 500 kHz), which for a broadcast station near an airport could be a very attractive feature;
2) It uses only a few elevated radials (16 for the design example compared with the conventional 120 buried radial systems), which can also be electrically short (less than two times the height of the tower);
3) The tower itself is configured to effectively place a low loss inductance at the top of the tower, which decreases the resonant frequency of the antenna system and increases the effect of the top loading (the current on the part of the tower that radiates can be almost constant);
5)
The radiation efficiency is high (equivalent to a full quarter wave monopole fed against an extensive radial wire ground system); and 6) Finally, from the point of view of the antenna modeller, this antenna system is an 'interesting one to numerically model, particularly modelling the tower (a lattice tower), configured in the manner described. The shorted line concept for a solid or braided shielded coaxial line involves currents flowing on the inside and outer surface of the shield. A lattice tower simulates a coaxial line, and our numerical model employs an even sparser grid to simulate the lattice tower. The concept of differing currents on an inner surface and outer surface is not applicable. Currents flow on the lattice structure, and on the wires in our numerical model. Does this simulate a shorted line inductance? The author used NEC4D (double precision), and fortunately NEC does seem to model such an antenna system rather well indeed. Changing the length of the shorted line changes the characteristics of the antenna system exactly like one would expect.
